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THE DESIGN OF LOW-TURBULENCE WIND TUNNELS'

By Hoean L. Dryprey and Iva H. Arpory

SUMMARY

Within the past 10 years there have been placed in operation
in the United States four low-turbulence wind tunnels of moder-
ate cross-sectional area and speed, one at the National Bureau
of Standards, two at the NACA Langley Laboratory, and one
at the NACA Ames Laboratory. In these wind tunnels the
magnitude of the turbulent velocity fluctuations is of the order
of 0.0001 to 0.001 times the mean velocity. The eristence of
these wind tunnels has made possible the development of low-drag
wing sections and the experimental demonstration of the unstable
laminar boundary-layer oscillations predicted many years ago
by a theory formulated by Tollmien and Sehlichting.

The development of the low-turbulence wind tumnels was
greatly dependent on the development of the hot-wire anemom-
eter for turbulence measurements, measurements of the decay
of turbulence behind screens, measurements of the effect of
damping screens on wind-tunnel turbulence, measurements of
the flow near a flat plate in air streams of varying turbulence,
and measurements of the drag of specially designed low-drag
airfoils.  These investigations were conducted in collaboration
with Schubauer, Skramstad, Jacobs, Von Doenhoff, and other
members of the staff of the Nattonal Bureau of Standards and
the National Advisory Committee for Aeronautics, Von Kdrmdn
and Liepmann of the California Institute of Technology, and
G. 1. Taylor and kis colleagues at Cambridge University.

This paper reviews briefly the state of knowledge wn these
vartous fields and those features of the results which make
possible the attainment of low turbulence in wind Iunnels,
Specific applications to two wind tunnels are described.

INTRODUCTION

One of the important tools of airplane design is the wind
tunnel, a tool older than the airplane itself.  The increasing
complexity of the airplane-design problem during the last
20 years has stimulated the continued improvement of wind
tunnels and wind-tunnel techniques to provide data of
inereasing accuracy and applicability.

The first essential requirement of wind tunnels, that of
obtaining a reasonably steady air stream approximately
uniform in speed and direction of flow across the test see-
tion, was met as long ago as 1909 in the wind tunnels of
Prandtl and Eiffel, which produced a great wealth of scien-
tific data to be applied to aircraft design. The presence of
“scale effeet,” or influence of size of model and speed of test,
was recognized at an carly date and model tests were placed
on a sound theoretical basis through use of the principles

of dimensional analysis.  The Reynolds number became
the key measure of the applicability of wind-tunnel data.
The desire to approach flight conditions of scale and speed
as measurcd by the flight Reynolds number resulted in the
obvious trend to wind tunnels of large size and high speed.
Important advances in techniques included improved bal-
ances and other measuring equipment; new methods for
supporting models, cspecially at high speeds; more aceurate
corrections for the effects of the limited size of the air stream :
and the melusion of the effects of power and of some dynamic
flicht conditions. trends continued to the
present time.

One solution of the problem of scale effeet was reached in
1923 with the construction of the variable-density wind
tunnel by the National Advisory Committee for Acronautics,
in which the Reynolds number was inereased by operating
the wind tunnel at a pressure of 20 atmospheres, thus in-
creasing the air density and the Reynolds number by a
factor of 20. A second solution was reached with the con-
struction of the full-scale wind tunnels in 1931 at the NACA
Langley Laboratory and in 1944 at the NACA Ames Labora-
tory. These tunnels are large enough to test full-size small
airplanes at moderate speeds.

As airplane speeds have inereased, the prineiples of variable
density and large size have been applied to high-speed wind
tunnels with necessary compromises because of high power
requirements.  The goal 1s to approach full-scale Reynolds
numbers and Mach numbers as closely as possible.

Less obvious, but equally important, advances have been
made in improving wind tunnels with regard to uniformity
and steadiness in speed and direetion of the air stream.
The wind-tunnel air stream is characterized by the presenee
of small ¢ddies of varying size and intensity which are col-
Many acrodynamic meas-

These have

feetively known as turbulence.
urements are greatly mfluenced by the values of the inten-
sity and scale of these eddies even though the turbuient
fluctuations may be very small as compared with the mean
speed.  Flight investigations have not indicated the pres-
ence of atmospherie disturbances of sufficiently small scale
to causc appreciable acrodynamic effeets.

The use of wind-tunnel data for predicting the flight per-
formance of aireraft has always been hampered by the
presence of turbulence in the air stream. Comparison of
results obtained on spheres in the wind tunnels of Prandtl
and Eiffel in 1912 showed that turbulence could have gross
effects on acrodynamic measurements comparable with the
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effects of Reynolds number.  Such results led to the estab-
lishment of international programs of tests of standard air-
foil and airship models and to numerous comparative tests
of spheres in wind tunnels of different turbulence. 1t is
now known that the drag of a sphere may vary by a factor
as large as 4, the mimimum drag of an airship or airfoil
model by a factor of at feast 2, and the maximum Nift of an
airfoil by a factor of as much as 1.3 in air streams of different
wind tunnels at the same Reynolds and Mach numbers
(references 1 to 5).

Improved simulation of flight conditions in wind-tunnel
testing through the reduction of air-stream turbulence was
slow in realization. Considerable confusion existed at one
time about the desirability of redueing the turbulence.  The
effect of mereased turbulence on some acrodynamic charac-
teristics is qualitatively similar to inereased scale, which
was greatly desired.  The apparent success in some applica-
tions of the concept of an “effective” Revnolds number led
many investigators to believe that turbulence was desirable.
Morcover, the wind-tunnel designer was faced with the prac-
tical situation that, although it was casy to increase tur-
bulence, it was not known to what extent it would have to
be reduced to simulate flight conditions and no effective
method of reducing turbulence to small values was then
known. The result was that the turbulence of the usual
wind tunnel of about 10 yvears ago was of the order of ¥ to
1.0 percent of the mean speed.,

The reduction in turbulence of more recently constructed
wind tunnels is largely the result of a better, thongh still
incomplete, understanding of the effects of turbulence on
the boundary layer and of the character of turbulence itself,
especially the laws of decay and the effect of damping screens.
This understanding was greatly dependent on the develop-
ment of the hot-wire anemometer for quantitative turbulence
measurements.  Comparative drag measurements on low-
drag airfoils in various wind tunnels and in flight showed the
sensitivity of their characteristies to very low levels of tur-
bulence and stimulated further work.,  These investigations
were conducted in collaboration with Schubauer, Skramstad,
Jacobs, Von Doenhoff, and other members of the staff of the
National Bureau of Standards and the National Advisory
Committee for Acronautics, Von Karman and Liepmann of
the California Institute of Technology, and G. 1. Tavlor and
his colleagues at Cambridge University,

It seems appropriate, because of the great importance of
turbulence effeets in fluid mechanies, to outline the prineiples
of design of modern wind tunnels of low turbulence and to
illustrate their application to two specific wind tunnels, the
4¥-foot wind tunnel of the National Bureau of Standards
and the Langley two-dimensional low-turbulence pressure

tunnel of the NACA.

SYMBOLS
A eross-sectional area of wind stream or duct
(' constant
D diameter of a sphere
L scale of turbulence
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r pressure cocflicient [fj[’o
g t”
v Reynolds number
R, “effective” Reynolds number
R Reynolds number based on thickness of boundary
layer
R, correlation coefficient (wyusju, ")
U mean speed
" mean turbulence intensity
e contraction ratio of a wind tunnel (A,/A4))
Ci section drag coefficient
Ni turbulence reduction factor
k pressure-drop cocflicient for a screen ];*“:?pd
2 pU”
1 number of sereens
P static pressure
7, static pressure of free stream
2 component of velocity fluctuations produced by

turbulence, parallel to mean flow, and measured
with respeet to mean speed

v, W mutually perpendicular components of velocity
fluctuations produced by turbulence, normal
to mean flow, and measured with respect to
mean speed

w', ', w root-mean-square values of u, », and w
ur mean value of product of 4 and »

x distance measured parallel to mean flow
Y distance measured normal to mean flow
« frequency parameter (27/\)

) houndary-layer thickness

6* boundary-layer displacement thickness
A wave length

© viscosity of air

v kinematic viscosity (u/p)

0 mass density of air

Subseripts:

0 conditions at a particular time or place
1,2 values at neighboring points

s settling chamber of a wind tunnel

t test seetion of a wind tunnel

wu, d values at points upstream and downstream of a

screen, respectively, inoa duct of constant

cross-sectional area
MEASUREMENT OF TURBULENCE

The understanding of turbulent flow and the development
of methods for reducing the turbulence level are dependent
on the existence of methods for measuring turbulenee.  The
hot-wire anemometer has become the standard instrument
for this purpose (references 6 to 9). Techniques have been
developed for measuring the root-mean-square of the com-
ponent # of the veloeity fluctuations in the direction of flow
w’ and corresponding root-mean-square values " and w’ for
the components » and w in two directions perpendicular to
the flow and to cach other. Techniques have also been de-
veloped for measuring the mean value we which is propor-
tional to the turbulent shearing stress, and for measuring
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. - . Wiy
the correlation cocfficients of the type = where a4, and
‘1 2

u, are values of u at two neighboring points.  From such
measurements the average dimensions and shape of the ed-
dies present in the air flow may be determined.

The turbulence in a wind-tunnel air stream not too close
to a source of turbulence is a random motion with no periodic
components present and is often, though not always, isotropic.
In isotropic turbulence, w'=»"=w" and wr=0. The magni-
tude of the fluctuations may then be specified by u’. The
quantity »’/U, where {7 is the mean speed, is termed the in-
tensity of the turbulence.

The scale of isotropie turbulence, which 1n effect specifies
the average size of the eddies, is defined in terms of the cor-
Uity
TRLTS
separated by a distance y normal to the stream.  The seale
L is defined as

relation coefficient R,= , at two neighboring points

L= f TR,y
Jo

A more complete discussion of the intensity and scale of
isotropic turbulence is given in reference 10.

The hot-wire anemometer is being continuously improved
in ruggedness, convenience, and aceuracy, but it remains
an instrument of considerable complexity and cost.  The
services of expert technicians are required for its successful
maintenance and use. Consequently, there remains con-
siderable interest in other methods for the qualitative de-
termination of the general turbulence level of an air stream
using only the measuring equipment normally available in
any wind tunnel. Such methods must depend on the effeet
of turbulence in some acrodynamic measurement which can
be calibrated in terms of w//U and L.

Measurements of the drag coefficient of a sphere as pro-
posed by Prandt] (reference 11) have been used with con-
siderable success to indicate the turbulence level of the older
wind tunnels (references 2, 4, and 10). The critical Rey-
nolds number at which the drag coefficient of a sphere of
diameter D decreased rapidly was found to be a function
of (' JUY(D/L)Y'"®, decreasing with increasing values of the
turbulence parameter. The critical Revnolds number was
stated either as that for which the drag coefficient of the
sphere was 0.3 (reference 2) or that for which the pressure
coefficient from an orifice in the rear portion of the sphere
was 1.22 (references 4 and 10). The value of the critical
Reynolds number for turbulence-free air is of the order of
385,000 (reference 4).

Although such sphere tests provide reliable indications of
the general turbulence level in low-speed wind tunnels with
high levels of turbulence (C>0.5 percent), they are not suita-
ble for tests in high-speed wind tunnels or in wind tunnels of
very low turbulence. Thus, as a result of sphere tests in
the Langley 8-foot high-speed tunnel, Robinson (reference
12) shows that spheres could not be used to determine the
turbulence level at speeds above about 270 miles per hour
because compressibility effects completely masked the effects
of Revnolds number and turbulence.  The sphere is also
insensitive to the effeets of low levels of turbulence.  Thus,

Robinson measured critical Reynolds numbers at low speeds
in the 8-foot tunnel that were essentially the same as those
for free air. Subscquent measurements of the turbulence
in this wind tunnel with a hot-wire anemometer showed the
intensity of the longitudinal fluctuations to be about 0.15
pereent and the horizontal normal component about 0.5
percent of the speed corresponding to the sphere measure-
ment. This turbulenece level 1s now known to be sufficiently
high to affeet considerably the Reynolds number of transi-
tion of a laminar boundary layer in a region of zero or small
falling pressure gradient.

The drag characteristies of smooth and fair NACA low-
drag airfoils were known to be sensitive to turbulence.
Jacobs proposed that this characteristic might be used to
indicate the relative turbulence level of wind tunnels for
which the turbulence could not be evaluated by sphere tests.
Even small inereases of the turbulence level reduced the
Reynolds number at which the transition point moved up-
stream from the location of minimum pressure with a corre-
sponding increase of drag.

A speceial svmmetrical airfoil was designed for this purpose.
The section (fig. 1 and table T) was 15 percent thick and had
a very low, slightly favorable pressure gradient selected to
increase the sensitivity of the laminar boundary layer to
low turbulence levels as compared with the sensitivity of
the usual NACA low-drag airfoils. A steel model of this
section was constructed with a span of 91% inches and a chord
of 60 inches. The model was constructed in three sections
to permit tests to be made in either the narrow test sections
of the Langley two-dimensional tunnels or in the large con-
ventional wind tunnels. The central portion of the model
was built of a ¥-inch-thick stainless-steel skin on cold-rolled-
steel ribs.  Comparative tests of other models of the same
seetion showed that no surface irvegularitics were present
that would affect transition in the Langley two-dimensional
fow-turbulence pressure tunnel.  Drag tests of the model at
zero angle of attack using the wake-survey method were
made in several NACA wind tunnels.

—.5[—

Pressure coefficient, P
N

L0 { { 1 1 j
0 .2 -4 .6 -8 L0
Chrordwise position, xjc

FioUre L—"Theoretical pressure distribution for N ACA 66,0 015 airfoil seetion at zero lift.
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TABLE I
ORDINATES OF NACA 66,1-015 AIRFOIL SECTION
[Stations and ordinates given in pereent of airfoil chord]

Station Ordinate
0 i} ‘
i) 191
.75 1. 433
1.25 1.798
2.5 2,440
h.0 3,344
7.5 4,028
10 4. 58D
15 5, 468
20 6. 137
25 6. 647
30 7.019
35 7. 280
40 7.448
45 7,500
A 7. 436
55 7.237
60 6. BU8
65 6. 362
70 5. 672
i 4, 645
80 3,631
85 2. 568
90 1. 504
95 L HR2
100 4}
L. E. radius: 1.61 i

Results of drag tests of the model in four low-speed
NACA wind tunnels are shown in figure 2. The turbulence
level of the Langley two-dimensional low-turbulence pressure
tunnel (TDT) is a few hundredths of 1 percent (reference 13)
according to hot-wire measurements.  Similar measurements
in the Langley 19-foot pressure tunnel showed the turbu-
lence level of this tunnel to be about 0.3 pereent based on
the longitudinal component.  The NACA 7- by 10-foot
wind tunnels are indicated to have an intermediate turbu-
lence level, while the Ames 12-foot low-turbulence pressure
wind tunnel appears to have the lowest.

:

A9~foot pressure tunnel

3
D
T

70T

/' 7- by /0-foot turnel ;

=

\
YP-Foot pressure tunnel

Profile-drag coefficient
INY
N
T
/7

1 l ! I
o 5 10 5 20 25 50 35
Reynolds number, R

1 1 1

1
40x/0¢

FiaUvre 2. Comparative drag measurenients of NACA 66,1-015 airfoil in four NACA low-
speed wind tunnels.

A comparison of the drag measurements for the model in
the Langley 8-foot and Ames 16-foot high-speed tunnels is
given in figure 3, together with the data from the low-turbu-
lence tunnel for comparison. The drag data from the high-
speed tunnels differ from those obtained in the low-speed
tunnels in that, following the original drag rise, the drag
curve levels out and even decreases with increased Reynolds
numbers.  This result is thought to be associated with com-
pressibility effeets, and the data should not be interpreted
to indicate a very low turbulence level at high speed. Even
though the data were obtained at speeds below the eritical,

Q
8
1

[}

Q

S
T

B-foot high-speed Ffurnne/ LTDT

Profile-drag coefficiert

004 -
" /6-Toot Pigh-speed turnel
002}
! 1 ] 1 t ! 1 ]
0 5 /10 5 20 25 30 35 40x/08

Reynolds number, R

FisUre 3.—Comparative drag meastrements of NACA 66,1-015 airfoil in three NACA wind
tunnels.

compressibility effects may be expected to inerease the favor-
able pressure gradients along the airfoil surfaces and thus to
increase the stability of the laminar layer at the high speeds.
The stagnation pressures of both the high-speed tunnels are
substantially atmospheric and, consequently, cqual Rey-
nolds numbers indicate approximately equal Mach numbers.
[t may, therefore, be concluded that the Ames 16-foot
tunnel has a lower level of turbulence than the Langley
8-foot tunnel.

Tt may be concluded that drag measurements on a smooth,
fair model of a sensitive low-drag airfoil are useful for the
qualitative determination of the relative levels of turbulence
of wind tunnels having turbulence levels of the order of a few
hundredths to a few tenths of 1 percent, provided the
measurements are made at low Mach numbers.  Consider-
able research will be necessary to develop similar methods
suitable for high Mach numbers.

ORIGIN AND DECAY OF TURBULENCE

Recent progress in the reduction of turbulence in wind
tunnels is dependent on the knowledge which has been
eained of the origin and decay of turbulent motion. The
presence of turbulence in a flow may be traced to the exist-
ence of a discontinuity in temperature, density, or veloceity
in the flow. Such a swface of discontinuity may arise
in the flow around or near a solid body as a result of flow
separation, as a result of an incoming jet of air, or in various
other ways. As a consequence of a dynamic instability,
such a surface of discontinuity rolls up into discrete vortices;
because of the viscosity the localized vorticity then diffuses
to form the fully developed turbulent motion. Even in the
case of frictional flow along a surface, an instability develops
which finally leads to turbulent motion.

Much of the information about the origin and decay of
turbulence has been derived from experiments on circular
eylinders or on screens made up of woven wire. No turbu-
lence will be generated if the Reynolds number is sufficiently
low. Dr. Schubauer in the report on damping screens
(reference 14) shows that no turbulence is shed by a screen
if the Reynolds number is less than about 30 to 60, the value
depending on the mesh and wire diameter of the screen.
Thus, for any reasonable speed and size of object, any
obstruction in a wind-tunnel air stream will generate
turbulence.
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At some distance from the source the turbulence will tend
to become isotropic. The laws of decay of isotropic turbu-
lence have been investigated both experimentally and theoret-
ically but are not yet finally established. Taylor (reference
15) gave the relation

1 1 *
L M

Uy Jo

where u, is the intensity of the turbulence at the point from
which z is measured, ¢’ is the intensity of the turbulence at
the point », {7 is the mean speed at 2, and L 1s the scale of
the turbulence at the point ». The value of the constant (7
has been found to be about 0.22 for wire screens with wire
diameter equal to about one-fifth the mesh distance (reference
10). There is reason to believe that the value of the constant
does not vary greatly with the shape of the turbulence-
producing obstacle.

When the turbulence is produced by screens, the value of
L increases with increasing . Little information is avail-
able as to the variation of L with the shape of the turbulence-
producing obstacle or as to changes in L during flow through
a passage of changing cross section, as in the entrance section
of a wind tunnel. However, the scale of the turbulence at a
distance of about 200 diameters behind a wire is of the
order of the diameter of the wire.

Very near the source of turbulence, that is, at values of »
less than about 100 times the wire diameter, the turbulence
is not isotropic and there is appreciable variation of mean
speed in the wake of the obstacle. The test section of a
wind tunnel should in no case be so close to a turbulence-
producing obstacle.

Many cxperiments have been made of the variation of «’
and L behind sereens in a stream of uniform speed and cross
section. In the present state of knowledge the following
relations are suggested for design purposes

71,(7{ > N , _”L’, =, ‘
7L,> *1 { 058 (/, LO (2)
LN uy’ x—x, ‘
(Lo) =1H058 g 3)

where ' and L are the intensity and scale at x, and %,” and
L, are the intensity and scale at x,. These relations are
believed to be conservative. Theoretical considerations
suggest that in many cases as the intensity decreases to low
values the rate of decrease is greater than indicated by the
formulas (references 16 and 17). Even though these equa-
tions may not be rigorously accurate over a wide range, they
are a sufficient guide to methods of reducing the turbulence
in wind tunnels.

SOURCES OF WIND-TUNNEL TURBULENCE

In a satisfactory wind tunnel, the speed and direction of
the flow at any point are free of long-period fluctuations, and
the short-period fluctuations, collectively classed as tur-
bulence, are statistically constant. In other words, the
flow must be free of large eddies or speed changes associated
with such effects as unsteady separations of the boundary

layer on the tunnel wall. The flow in the diffuser and
return passages should be checked and all permanent or
unsteady flow separation eliminated.  Sometimes this can
be done by airfoil deflectors to deflect high-speed air into a
separating region, by screens to promote filling of the
diffuser, or by boundary-layer suction. At any rate,
large-scale slow fluctuations must be climinated:

The turbulence in the test seetion of a wind tunnel may
not be identified with that normally present in pipe flow at
Reynolds numbers above the eritical value. The con-
traction and acceleration of the air stream entering the test
scetion produce a stream with a core of nearly uniform speed
with a thin boundary layer at the walls. The growth of
the boundary layer through the short test section is small
compared with the dimensions of the air stream, and fully
developed turbulent pipe flow does not result.

While the turbulent boundary layer flowing against the
increasing pressure in  the diffuser and return passage
thickens rapidly, this source of turbulence appears to be
much less important than the wakes of objeets in the stream
in various parts ol the circuit. Such objects are the pro-
peller with its associated mountings, spinner, and antiswirl
vanes and the essential guide vanes at the corners of the
circuit.  Honeycombs are seldom used in large modern
wind tunnels. Guide vanes, like honeycombs, are fairly
effective in reducing large-seale turbulence originating up-
stream. Consequently, the set of guide vanes immediately
upstream from the test section is usually the most important
source of turbulence.

Recent experiments and theoretical analyses (references
18 to 20) have shown that the noise of the propeller and
other sound sources may place a lower limit on the turbulence
level since sound waves cause air motions which produce an
effect similar to that of turbulence.

METHODS OF REDUCING TURBULENCE

The form of equations (1), (2), and (3) suggests certain
methods of reducing turbulence-—namely, (a) reducing u,/,
the inttial intensity of the turbulence; (b) making the dis-
tance x from the source of the turbulence to the test section
as great as possible; (¢) making the scale of the turbulence
as small as possible; and (d) keeping the mean speed U7
small for the greatest possible part of the distance w2, These
considerations lead to the design of a wind tunnel with a
large contraction ratio; individually small, closely spaced,
and well-designed guide vanes at the corner directly upstream
from the test section; and a long settling chamber between
this corner and the start of the contraction of the entrance
cone.  With such measures it has been possible to obtain
turbulence levels of 0.25 pereent with a contraction ratio
of 7. These design features are also favorable for the
introduction of damping screens which have permitted a
further reduction of turbulence by a factor of 6 or more.

The aerodynamic characteristies of damping screens are
presented by Dr. Schubauer in considerable detail (reference
14). 1t 1s sufficient for the present purpose to note that
damping screens reduce the intensity of the oncoming
turbulence and, unless their Reynolds number is very low,
generally introduce a small-scale turbulence.
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As shown by Schubauer, the effectiveness of one sereen in
damping the oncoming turbulence is well approximated by
the formula

1
f: I 4)
T= vk (4,
or, in the casc of n sereens (reference 19)
1
‘f:(1+k)';/g (5)

where f is the reduction factor and & is the pressure-drop
cocflicient for the sereen. It is obviously more cfficient to
obtain a desired reduction factor by the use of several sereens
with small pressure-loss cocefficients ratiier than by the use
of a single dense sereen.

If the damping scereens are operated above their eritical
Reynolds number; turbulence is caused by the sercens them-
selves with the result that the intensity immediately down-
stream from a screen may be considerably higher than that
upstream.  The utility of the sereens in reducing turbulence
results from the rapid decay of the fine-grain turbulence
resulting from the sereen. These effects are shown in detail
in the paper by Schubauer.

In the course of work associated with the design of sereens
for the NACA low-turbulence wind tunnels in 1939, it was
noted from tests of screens in a smoke tunnel that no turbu-
lenee was produced if the screens were operated at suffi-
ciently low Reynolds numbers (reference 13).  This effect
has been studied by Schubauer who found that every sereen
has a well-defined Reynolds number, which depends on
solidity, below which eddies are not shed.  Although the
screens of the NACA low-turbulence wind tunnels are de-
signed to operate below theeritical Reynolds number, the
practical necessity for so doing has not been proved. Tt
appears that the decay of the fine-grain turbulence from a
screen of small mesh size permits a very low turbulence level
to be obtained at ordinary distances from the sereen.

An important consideration in the application of damping
screens 1s the abnormal behavior of certain sereens reported
by Schubauer.  Although not understood, the production
of abnormally high, slowly decaying longitudinal Aluctuations
by certain sereens is thought to be associated with imper-
feetions of these sereens. Tt appears important, especially
in the case of large sereens, to seleet a mesh and wire size
capable of being woven with accuracy and to handle the
screen in such a manner as to avoid distortion of the mesh
in installation.

EFFECTS OF CONTRACTION

A large contraction or area ratio between the settling
chamber and test section has several advantages. A large
contraction ratio results in a low airspeed in the settling
chamber, thus permitting the installation of a number of
damping screens without excessive penalty for the power
absorption and also permitting greater decay of turbulence
in a given length of settling chamber.  Furthermore, unless
the contraction has the effect of greatly inereasing the turbu-
lent energy of the stream, the ratio of the turbulent intensity

to the mean speed will deercase through the entrance cone
as the mean speed increases.

The effects of contraction have been studied theoretically
by Prandtl (reference 21) and Taylor (reference 22). These
studies were limited by consideration of only regular types of
disturbance and neglect of decay. Taylor’s results depend
ond the type of disturbance assumed and indicate that con-
traction may result in cither an increase or a decrease of the
turbulent energy.  Prandtl predicts a decrease of 4’ in the
ratio 1/e and an increase of ¢’ and w’ in the ratio /¢, where
¢ is the contraction ratio. 1f a turbulent intensity U7 is
defined as

U = \/1% (" 4-p" - w'?)

then, according to Prandtl, {7 would vary as

e 1
V)
This formula would predict an increase of {77 of approxi-
mately 2 for a contraction ratio of 6 and of 3.5 for a ratio of
18 and result in a net reduction of the ratio U7/U of 0.33 and
0.19, respectively.

Such ecaleulations should be used cautiously beecause of
limitations of the theory. Experimental observations show
that contraction, by exerting a selective effect on the com-
ponents of velocity fluctuations, decreases u’ and increases
v’ and w’. It is not known that decay in the contracting
region can be predicted quantitatively by linecar considera-
tions of the velocity and distance traveled or that the results
can then be superposed on the estimated effeet of contrac-
tion. Measurements at the National Bureau of Standards
in the 4l-foot tunnel, behind the screens in the settling
chamber and in the test chamber, indicate (reference 19)
for this particular case that the effects of contraction and
decay on the turbulent energy substantially cancel cach other.
This result should not be generalized, however, without
further study.

APPLICATION OF PRINCIPLES TO SPECIFIC WIND-TUNNEL
DESIGNS

THE 4%-FOOT TUNNEL OF THE NATIONAL BUREAU OF STANDARDS

The application of the methods of reducing wind-tunnel
turbulence is illustrated by the modernization of the 414-foot
wind tunnel of the National Bureau of Standards. Figure
4 is a photograph of the wind tunnel and figure 5 1s a longi-
tudinal section through the center line. The design of the
tunnel was begun in November 1937, and construction was
completed in September 1938.

The over-all length of the tunnel is 80 feet and the height
is 25 feet, these dimensions being fixed by the requirement
that the tunnel be housed in the existing building. The
structure above the ground line, except for the entrance
section, consists of tongued-and-grooved pine boards fastened
to angle-iron {framing. The entrance section is made of
ealvanized iron fastened to joined wooden stringers. The
structure below ground level 18 of reinforced conerete.
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FigURrE 4. -The 413-foot wind tunnel of the National Bureau of Standards.

The test section s 19 feet long.  Its cross section is a
regular octagon, 415 feet between opposite faces. The ex-
panding exit cone provides a transition from the octagonal
cross section at the test section to the 7-foot circular cross
section at the fan. The eight-blade fan is driven by a 75-
horsepower, direct-current motor. The return duct is
rectangular in cross section throughout its length. The
straight section or settling chamber upstream of the entrance
seetion is octagonal in cross section, 12 feet across the flats,
and 7 feet long.  The contraction ratio is 7.1:1.

Commereial guide vanes are used at the four corners as
indicated in figure 5. The guide vanes in the first turn
upstream from the test chamber are of 2%-inch chord
and are spaced 1% inches on centers. The guide vanes in
the other turns are of 6%-inch chord and are spaced 3% inches
on centers.  Damping sereens are installed in the settling
chamber,

The turbulence levels in the test section of the tunnel

TABLE 11

COMPARISON OF OBSERVED AND PREDICTED REDUC-
TION OF TURBULENCE BY USE OF DAMPING SCREENS
IN NATIONAL BUREAU OF STANDARDS 41-FOOT WIND
TUNNEL

[Ce=100 t/see]

I vy
ARt (percent)

. 1
sereen nk 4| er- | (per- | (per- |y
(72| cent) | cont) | cent) Ob- | Pre-
served| dieted:
1 None_ oo | . ... | 0,089 | 0.301 0.265 | ____ !
i 18mesh, 0.011-in. wire ,,‘ (0. 8YH 0. 726 052 . 199 L1820, 192
i 20-mesh, 0.017-in. wire . ... 218 . h61 .41 163 L1600 L 149
 24-mesh, 0.0075-in. wire . LT30 . TH0 L0583 L 228 J195 | 201
| 60-mesh, 0.007-in. wire . o420 L 438 038 141 114 ] T8
Two 18-mesh, 0.011-in, wire. . | 1,700 . h27 L041 . 166 L1833 L 140
‘I'hree 18-mesh, 0.011-in. wire | 2,685 @ 383 LO37 | 114 23| L0989 | 102
Six screens (three 20-mesh, |
0.017-in.  wire; three 24- !
mesh, 0.0075-in. wire) ... __|# 8.7 b 0776 039 . 044 L 044 043 ] 021
3
I

a 3kao+3ka, where kao and kg are the pressure-drop coeflicients for the 20-mesh and the 24-
mesh sereens, respeetively.
b 1

(L ka)32 (1ka) ¥

and six screens installed in the setting chamber are sum-
marized in table 11.  The turbulence level expressed as the
ratio UV'/U', is scen to vary from 0.265 percent with no damp-
ing screens to 0.043 pereent with six sereens.  The predicted
values of the turbulence level with sereens based on a damp-
ing factor of

1
(A F k)

are also given in table I1. It will be seen that the agreement
of predicted and measured turbulence levels is excellent,
considering the limitations of the theory, except at the
lower levels where the measured values are higher. This
discrepancy is thought to be associated with noise as previ-
ously mentioned.

It is apparent that the use of damping sereens is the most
important feature in obtaining a very low level of the turbu-

Fi1GURE 5.—Longitudinal cross section of the 414-foot wind tunnel of the National Bureau of Standards.

with various single screens and combinations of two, three, Ience. It should be noted, however, that the turbulence
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level without damping screens is relatively low, especially
for a wind tunnel of this size. This relatively low initial
turbulence level undoubtedly simplifies the sereen installation
required and is obtained by the use of small, closely spaced
guide vanes and a long settling chamber.

LANGLEY TWO-DIMENSIONAL LOW-TURBULENCE PRESSURE TUNNEL

The Langley two-dimensional low-turbulence pressure
tunnel (reference 13) was designed especially for research
on wing sections. A low-turbulence air stream was desired
in which systematic investigations of large numbers of air-
foils could be made at flight values of the Reynolds numbers.
It was also considered desirable to test the wing sections in
two-dimensional flow to obviate the difficulties that had been
encountered in the NACA variable-density tunnel in obtain-
ing section data from tests of finite-span wings and in correct-
ing adequately for support interference.

Preliminary design of such a wind tunnel was started in
1937, and a full-scale model of the tunnel was completed in

Figure 6.-~The Langley two-dimensional low-turbulenee pressure tunnel.

¢ Orive motor

1938. This model, which differs in detail from the final
design, was constructed cheaply to operate at atmospheric
pressure and is known as the Langley two-dimensional low-
turbulence tunnel. The final tunnel (figs. 6 and 7) was
placed in operation ecarly in 1941. It is of welded steel
construction to permit operation at pressures up to 10 atmos-
pheres. The test section is 3 feet wide, 7% feet high, and
7% feet long. The contraction ratio is 17.6:1. The tunnel
is powered by a 2000-horsepower motor driving a 20-blade
fan 13 feet in diameter.

Structural requirements of the pressure shell imposed
compromises on the design of the tunnel. The principles of
use of damping sereens were inadequately understood at the
time construction of the tunnel was started. The results of
rescarch at the National Bureau of Standards and of experi-
ence with the model of the tunnel required complete revision
of the planned screen installation. The screen installation
was consequently made in an air passage and structure not
designed for its accommodation. The final arrangement is
not. considered to be optimum.

An unusual feature of the tunnel is the toruslike bends
with six corners at the large end and eight corners at the
small end to accomplish each 180° turn. Eight sets of guide
vanes are provided at the small end and three “splitter”
vanes at the large end. These features of the tunnel were
dictated by cost and strength requirements and are not
believed to be aerodynamically desirable.

Cooling coils supported on a coarse honeycomb are
mounted in the large end of the tunnel upstream of the
entrance section. A screen with 60 meshes to the inch is
fastened to the downstream face of the honeycomb. A series
of 11 damping screens is mounted between the dense sereen
and the entrance section. Each sereen has 30 meshes per
inch  with 0.0065-inch-diameter wire. The screens are
mstalled 3 inches apart.  Each damping sereen has a pressure
cocflicient of approximately 1.0. The last damping screen
is located at the beginning of the contracting section.

Continuous splitter vanes,

5 Propelier- . -~Countervanes )
— (/’
b i =
7 - Alr-streom direction
// —
7’y
Py
Pressure-grodient Test section
vt control slots. /
\\ AY !
\\\ < v my
~ — \ ' (L
. N~ \ \ “'I' H
Guide vanes N\ = ' l'::lll s
- {
e ol _ hitl
) A~
Outer sheli of test chamber--" Gen "l”",/*' s
Blower-"" " ! “~Cooling coils
Air Jock 7] I_V_J ! \60-mesh screen
1
| '30-mesh turbulence-reducing screens

1
‘Obser-vation conopy

FiGURE 7. -Cross section of the Langley two-dimensional low-turbulence pressure tunnel.
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It will be noted that, in contrast with the NBS 4}i-foot
tunnel, reliance is placed on the cooling-coil damping-screen
installation to reduce the high turbulence resulting from the
acrodynamically unfavorable turns of the air passage.

Great care was taken with the sereen installation (reference
13) because it was not known exactly what imperfections
could be tolerated and because of the difficulty of inspection,
repair, or replacement once the installation was made.  The
phosphor-bronze screen was speeially woven in 7-foot-wide
strips with special selvages. The strips were fastened
together by sewing with 0.0065-inch-diameter wire with a
stitch that preserved equal density of the sereen across the
seam. The resulting sereens were installed so that any wakes
from the seams would pass above and below the model.
Each screen was tensioned along its periphery to a stress
corresponding to about one-half the yield value to reduce
sagging under load. Care was taken to make and install the
sereens without touching them by hand in order to avoid
possible future corrosion that would eventually cause local
changes in the pressure-drop coefficient. It is not known to
what extent these precautions are required, but it is now
thought that considerable relaxation of these specifications
would result in a satisfactory installation.

Only limited measurements of the tunnel turbulence have
been made with a hot-wire anemometer.  The results of some
of the measurements are presented in figure 8 for a pressure

.3
.
s.2b
N
g o 0
i./—
=
\ { { 1 | . |
[ / 2 g 4 5 & 7x10€

Reynolds number per foot of mode/ chord

Figure 8.—Turbulenee level #//U7 of the Langley two-dimensional low-turbulenee pressure
tunnel at a pressure of 4 atmospheres.  (Data from reference 13.)

*of 4 atmospheres. (Sce reference 13.) The turbulence
levels presented are values of w//{7. It will be seen that,
at this tunnel pressure, the turbulence level inereases from
about 0.02 percent at low speed to a value of about 0.05 per-
cent at a speed corresponding to a Reynolds number of about
4.5%10% per foot of model chord. At higher speeds, the
turbulence rises more rapidly.  Spot checks of the turbulence
level at other pressures indicate that increasing pressure is
favorable for obtaining a low level of turbulence at a given
value of the model Reynolds number. No wakes from
the seams in the sereens have been detected.

It is interesting to note that the more rapid rise of the
turbulence shown in figure 8 occurs at roughly the Revnolds
nuraber where the damping sereens begin to produce turbu-
lence themselves. Tt is not thought, however, that this
result is significant even with the comparatively small dis-
tance for decay provided n this installation. The existence
of lower turbulence levels at the same Revnolds number at
higher tunnel pressures also tends to discount such an expla-
nation for the increase of turbulence with speed. Qualita-

tively, it has been noted that there 1s a tendeney for the
intensity of the turbulence to correlate with the power input
to the tunnel and with the noise level. It is thought that
vibration and noise are factors limiting the turbulence of this
tunnel. '

Many features of the two-dimensional low-turbulence
pressure tunnel were not used in the design of the Ames 12-
foot pressure tunnel, although compromises with the require-
ments of the pressure shell were still necessary. In partic-
ular, six sets of guide vanes were used instead of splitter
vanes in the 180° turn upstream of the entrance section.
The cooling coil was eliminated and a settling chamber was
provided in which asimplified sereen installation was mounted.
As indicated by figure 2, this newer tunnel is believed to have
a lower turbulence level than the two-dimensional wind
tunnel.

CONTRIBUTION OF LOW-TURBULENCE WIND TUNNELS TO
AERONAUTICAL SCIENCE

The two low-turbulence wind tunnels which have been
described have been essential tools in two major contributions
to acronautical science: The experimental confirmation of
the Tollmien-Schlichting theory of the stability of laminar
flow and the development of low-drag airfoils.

STABILITY OF LAMINAR BOUNDARY LAYER

The effeets of turbulence on aerodynamic measurements
have long been known to be intimately connected with
transition from laminar to turbulent flow in the boundary
laver. Until recently the mechanism of transition was a
subject of considerable discussion and  controversy. A
theoretical treatment of the related problem of the stability
of laminar flow in a boundary layer had been given by Toll-
mien and Schlichting (references 23 and 24).  Their compu-
tations indicated instability of the two-dimensional laminar
layver with Blasius velocity distribution to small sinusoidal
disturbances if the Reynolds number exceeded a value which
was a function of the wave length of the disturbance.  Toll-
mien (reference 25) extended this work to investigate the
effects of pressure gradients, showing especially that the
distortion of the Blasius profile associated with rising pres-
sures in the direction of the low was unfavorable to laminar
stability.

The Tollmien-Schlichting theory was not accepted imme-
diately as a satisfactory explanation of the mechanies of
transition.  For the mathematical reason of obtaining a
linear differential equation, a very small disturbance was
assumed, although it was known that the usual disturbances
were not small.  The theory did not predict transition in the
sense of the change from laminar to eddying flow but rather
predicted the conditions for damping or amplification of the
very small disturbances.  The theory showed that laminar
stability was a critical function of the wave length or fre-
quency of the disturbances, whereas all experimental results
appeared to indicate that the point of transition was little
affected by the frequencey if the amplitude was fixed.

Experimental work at the National Bureau of Standards
(reference 26) established the existence of comparatively
large fluctuations of speed in the laminar boundary layer
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over a flat plate well upstream of the point of transition.
These measurements were made by means of hot-wire
apparatus with different pressure gradients along the plate
and with different levels of turbulence of the air stream. It
was shown that the fluctuations did not cause the average
velocity distribution to depart from the Blasius veloeity
profile and, consequently, that turbulent shearing stresses
were not associated with these fluctuations. Transition
aused a departure from the Blasius distribution to the
characteristie turbulent velocity profile, but the laminar
and turbulent boundary layers could not be distinguished on
the basis of the magnitude of the speed fluctuations alone.
It was not apparent from these data, however, whether the
observed fluctuations were “free’” oscillations of the Toll-
mien-Schlichting  type or whether they were “foreed”
oscillations produced by the turbulence of the air stream.

Later, during the investigations of low-drag airfoils at the
NACA iu air streams of very low turbulence, it was observed
that small three-dimensional protuberances on the airfoil
surfaces either caused transition to occur almost immediately
at the protuberance or did not affeet transition at all.  Small
two-dimensional protuberances or waves, however, often
caused transition to occur sooner than on the smooth sur-
face, but still a long distance downstream from the pro-
tuberance. The velocity distribution, as measured by
pressure probes, in the laminar layer between the protuber-
ance and the point of transition was not affected by these
small protuberances. It was apparent that some transition-
producing mechanism existed that was not associated with
the shape of the average veloeity distribution.  The Toll-
micen-Schlichting concept of amplified disturbances provided
a qualitative explanation of such phenomena.

Schubauer and Skramstad (reference 18) extended the
work at the National Burecau of Standards to the lowest
attainable level of the free-stream turbulence. By an in-
genious method of introducing disturbances of known fre-
queney by a small vibrating ribbon, they confirmed the
Tollmien-Schlichting theory both with respect to the coneept
of amplification of small disturbances and quantitatively as
regards the caleulation of the stability boundaries. The
experimental results are shown in figure 9, together with the
stability boundaries as calculated by Lin (reference 27).

The mechanism of the instability of the laminar boundary
layer is now well understood.  Whatever small disturbances

5 Colculated by Lin (reference £7)
o+ Measured by Schubouer and

, Domped Shraomstad (reference 18)
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Frovre 9.—Curve of neutral stability for Blasius profile.
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are Initially present are selectively amplified until large
sinusoidal oscillations occur. These regular waves grow in
amplitude, become distorted, and burst into high-frequency
fluctuations. The nonlinear problems of the amplification
of the large oscillations and of the mechanism of conversion
to turbulent flow remain problems for future research.

It should be noted that the theory of Tollmien and
Schlichting has been extended to compressible flows over
flat plates by Lees and Lin (references 28 and 29) and that
Licpmann (reference 30) investigated the effects of convex
and concave surfaces. Liepmann showed that the effects of
convexity were small but that the mechanism of transition
on concave surfaces was different, being three-dimensional in
nature.

It is significant that the work of Schubauer and Skramstad
required the use of an air stream of very low turbulence
(about 0.02 percent). The carlier work in an air stream with
a turbulence level of about 0.5 to 1.0 percent had been con-
fused by transition associated with momentary separation
resulting from finite disturbances in the free stream as pro-
posed by G. 1. Taylor in reference 31. The fundamental
difference in the mechanism of transition in a turbulent air
stream and in a stream of very low or zero turbulence makes
it imperative that acrodynamic measurements be made in a
low-turbulence air stream if they are to be accurately
applicable to free flight.

LOW-DRAG AIRFOILS

The Langley two-dimensional low-turbulence pressure
tunnel has permitted the systematic investigations required
for the development of useful low-drag airfoils. It had
become apparent in 1937 that any further pronounced
reduetion in the profile drag of wings must be obtained by a
reduction of the skin friction through increasing the relative
extent of the laminar boundary layer. The attainment of
extensive laminar boundary layers at large Reynolds num-
bers was an unsolved experimental problem. Although the
mechanism of transition was not understood, it was known
that Iow turbulence and the avoidance of increasing pressures
in the direction of flow were requirements for extensive
laminar flow.

The requirement of low turbulence could best be met by
flight tests, and numerous investigations have been made in
flight following the pioneer work of Jones (reference 32) who
demonstrated the possibility of obtaining extensive laminar
layers at fairly high Reynolds numbers. Flight investiga-
tions do not, however, provide a practical method for the
systematic tests required to obtain a useful family of airfoils.
Only in a wind tunnel is it practical to make the extensive
airfoil investigations required by our inadequate understand-
ing of the turbulent boundary layer and our consequent
inability to predict airfoil characteristics except to a limited
extent at low lift coefficients.

The completion of the model two-dimensional tunnel in
1938 provided a facility for exploratory investigations even
though the initial turbulence level was not satisfactory.
The first test in this tunnel in June 1938 of an airfoil designed
{o permit laminar flow indicated a minimum drag cocfficient
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of 0.0033, or about one-half of the lowest drag cocflicient
ever before measured for an airfoil of comparable thickness.
Figure 10 shows comparative drag data for an carly low-drag
airfoil as obtained in the low-turbulence tunnel (LTI and
in the variable-density tunnel (VDT). (See reference 5.)
The minimum drag cocfficient measured in the low-turbu-
lence tunnel is less than one-half that from the highly turbu-
lent variable-density tunnel. The small range of hift coefli-
cient over which low drag is obtained results partly from the
now obsolete shape of the airfoil and partly from the unsatis-
factory turbulence level of the tunnel as initially constructed
(about 0.1 percent). The turbulence level of the model
tunncl was later lowered (u’/U7 about 0.02 percent) by a
screen installation generally similar to that previously
desceribed for the pressure tunnel (reference 13).
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FIGURE 10.—Profile-drag characteristics of NACA 27-215 airfoil section. (Data from
reference 5.)

Exploratory investigations were continued in the modified
model tunnel until the pressure tunnel was completed in
1941. These investigations were invaluable in showing the
limits within which compromises had to be made between
low drag and desirable lift and moment characteristics.
Satisfactory theoretical methods were also found during
this period for designing the airfoils to produce the desired
types of pressure distribution. Systematic investigations in
the pressure tunnel then led to the evolution of the NACA
6-series airfoils, data for which are summarized in reference
33. This family of airfoils combines desirable lift character-
istics with the possibility of low drag if the wing surfaces
are smooth and fair. If the surfaces are not smooth and fair,
the characteristics of this family are no worse than those of
the older sections under the same conditions.

The requirement for fair and smooth surfaces was carly
found to present the greatest obstacle to the practical
attainment of extensive laminar flow. The roughness and
unfairness associated with usual methods of construction
always resulted in premature transition at flight values of
the Reynolds number. Difficulty was experienced in flight
in obtaining low drag even with specially constructed and

faired surfaces beeause of small waves and specks of dust or
Moreover, the turbulent boundary layer spreads
downstream from cach speck so that even a comparatively
few imperfections result in predominantly turbulent flow.
It is uncertain whether extensive laminar flow can be
realized under conditions of field maintenance, although some
modern high-speed airplanes, if carcfully maintained, have
sufliciently smooth and fair wings to permit low drag.

The problem of stabilizing the laminar boundary laver to
disturbances associated  with  surface imperfections has
attracted much attention.  Investigations of the effective-
ness of suction slots i stabilizing the laminar boundary
laver were made in the model tunnel and in flight from 1938
to 1940. Although some extensions of the laminar layer
were obtained by this method, no apparent inercase of
stability was obtained for disturbances arising from surface
imperfections.  Such investigations have now been resumed
to include the study of effects of suction through porous
surfaces.  Although no results of practical significance have
been obtained, it appears that suction through porous sur-
faces does have a stabilizing effect.  The theoretical work
of Lees (reference 29) indicates that heat transfer to the
surface may stabilize the laminar layer at high supersonic
speeds.

Comparisons of results obtained from tests of low-drag
airfoils in the wind tunnel and in flight are difficult because
uncertainties with regard to the surface conditions appear to
have greater effects than the residual wind-tunnel turbulence.
The highest value of the boundary-layver Revnolds number
R measured in flight just before transition is about 9000
(reference 34) where

mscets.

_p U
U

R

In this equation, [ "is the velocity just outside the boundary
layer and § is the distance from the surface to the point
where the dynamic pressure in the boundary layer is one-
half that outstde the layver. This value of the boundary-
laver Revnolds number corresponds approximately to a
value of 20,000 for a Blasius profile, with § defined as the
thickness corresponding to a local speed 0.995 that of the
free-stream veloeity.  The drags of smooth and fair models
measured in the two-dimensional low-turbulence pressure
tunnel may be predicted by assuming a Reynolds number at

transition equal to that measured in flight (fig. 11). It thus
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FiroUrE 11, - Measured and calculated drag coeflicients for a low-drag airfoil tested in the
Langley two-dimensional low-turhulence pressure tunnel.
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appears that the wind-tunnel results are comparable with
those that would be obtained in flight with unusual care
devoted to obtaining smooth fair surfaces.

research on low-drag airfoils.

Low-turbulence wind tunnels have been essential to the
The extensive investigations

necessary to determine the proper compromises between the

conflicting requirements of airfoil design would not have been
possible without these wind tunnels.

NACA HeapqQuanrTERs,

WasHINGTON, D. C., October 13, 1948.
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THE DESTIGN OF LOW—TURBULENCE WIND TUNNEISL

By Hugh L. Dryden and Ira H. Abbott
SUMMARY

Within the past 10 years there have been placed Iin operation in
the United States four low—turbulence wind tunmnele of moderate cross—
gectional area and speed, one at the National Bureau of Standards, two
at the NACA ILangley Iaeboratory, and one at the NACA Ames Lebaratory.

In these wind tunnels the magnitude of the turbulent velocity
Pluctuations is of the order of 0.0001 to 0,001 times the mean velocity.
The existence of these wind tumnels has made possible the development
of low—drag wing sections and the experimental demonstration of the
unetable laminar boundary-layer osclllations predicted many years ago
by a theory formulated by Tollmlen and Schlichting.

The development of the low—turbulence wind tunnels was greatly
dependent on the development of the hot—wire anemometer for turbulence
measurements, measurements of the decay of turbulence behind screens,
measurements of the effect of damping screens on wind—tunnel turbulence,
measurements of the flow near a flat plate in air streams of varying
turbulence, and measurements of the drag of speciaelly designed low—drag
airfoils. These investigations were conducted in collaboration with
Schubauer, Skramstaed, dJacobs, Von Doenhoff and other members of the
gtaff of the National Bureau of Standards and the National Advisory
Committes for Aeronautics, Von Kéarmén and Iiepmann of the California
Institute of Technology, and G. I. Taylor and his colleagues at
Canbridge Unlversity.

This paper reviews briefly the state of knowledge in these various
fields and those features of the results which make possible the
attalnment of low turbulence in wind tunnels. Specific applications to
two wind tunnels are described.

INTRODUCTTION

One of the important tools of airplane design is the wind tunnel, a
tool older than the airplane itself. The increasing complexity of the
airplane—design problem during the last 20 years has stimulated the
continued improvement of wind tumnels and wind—tunnel technigques to
provide dats of increasing accuracy and applicability.

lPaper presented at the Seventh Internatlional Congress for Applied
Mechanics, London, Septemter 5-11, 1948.
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The first essential requirement of wind tunnels, that of obtaining
a reasonably steady air stream approximately uniform in speed and
direction of flow across the test sectlion, was met as long ago as 1909 in
the wind tunnels of Prandtl and Eiffel, which produced a great wealth of’
scientific data to be applied to alrcraft design. The presence of
"gcale effect," or influence of size of model and speed of test, was
recognized at an early date and model tests were placed on'a sound
theoretical basis through use of the principles of dimensional analysis.
The Reynolds number became the key measure of the applicability of wind—
tummel data. The desire to approach £light coniitions of scale and speed
as measured by the flight Reynolds mwmiber resulted in the obvious trend
to wind tunnels of large size and high speed, Important advances in
techniques included improved balances and other measuring equipment; new
methods for supporting models, especially at high speeds; more accurate
corrections for the effects of the limlted slize of the air stream; and
the inclusion of the effects of power and of some dynamic £light conditioms,
These trends have continued to the present timse,

One solution of the problem of scale effect was reached in 1923
with the comstruction of the variable—density wind tunnel by the National
Advisory Committee for Aeronautics, in which the Reynolds mumber was
increased by operating the wind tummel at a pressure of 20 atmospheres,
thus Iincreasing the air density and the Reynolds mumber by & factor of 20,
A gecond solution was reached with the construction of the full-—scale
wind tunnels in 1931 at the NACA Iangley Laboratory and in 194L at the
NACA Ames Iaboratory. These tunnels are large enough to test full-size
small airplanes at moderate speeds.

As airplane speeds have Increased, the principles of variable
density and large size have been applied to high—speed wind tunnels with
necessary campromises because of high power requirements. The goal is
to approach full-scale Reynolds mumbers and Mach numbers as closely as
possible. .

Less obvious, but equally important advances have been made in
improving wind tunnels with regard to uniformity and steadiness In speed
and direction of the air stream, The wind—tunnel alr stream is charac—
terized by the presence of small eddies of varying size and intensity
which are collectively known as turbulence. Many aerodynamic meagure—

ments are greatly influenced by the values of the intensity and scale of
these eddies even though the turbulent fluctuations may be very small as
compared with the mean speed. Flight investigations have not indicated
the presence of atmospheric disturbances of sufficiently small scale to

cause aprreclable asrodynamic effects. .

The use of wind~tunnel data for predicting the flight performance
of aircraft has always been hampsred by the presence of turbulence in
the air stream. Comparison of results obtained on spheres in the wind
tunnels of Pranitl and Eiffel in 1912 showed that turbulence could have
gross effects on aerodynamic measurements comparable with the effects

of Reynolds number. Such results led to the establishment of inter—
national programs of tests of standard airfoll and airship models and to
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mmerous comparative tests of. spheres in wind tunmels of different
turbulence. It is now known that the drag of a sphere may vary by a
factor as large as 4, the minimum drag of an airship or airfoll model by
a factor of at least 2, and the maximum 1ift of an airfoil by a factor
of as much as 1.3 in alr streams of different wind tunnels at the same
Reynolds and Mech numbers (references 1 to 5).

Improved simmlation of flight conditioms in wind—tunnel testing
through the reduction of air—stream turbulence was slow in realization,
Considerable confusion existed at one tims about the desirability of
reducing the turbulence. The effect of Increased turbulence on soms
aerodynamlc characteristics 1s qualitatively similar to increased scale,
which was greatly desired. The apparent success in some applications
of the concept of an "effective" Reynolds mumber led many investigators
to believe that turbulence was desirable. Mareover, the wind—tunnel
designer was faced with the practical situation that, although it was
eagy to increase turbulence, it was not known to what extent it would
have to be reduced to similate flight conditions and no effective method
of reducing turbulence to small values was then known, The result was
that the turbulence of the usual wind tunnel of about 10 years ago was
of the order of 1/2 to 1.0 percent of the mean speed.

The reduction in turbulence of more recently constructed wind
tunnels is largely the result of a better, though still incomplete,
understanding of the effects of turbulence on the boundary layer and of
the character of turbulence 1tself, especially the laws of decay and
the effect of damping screens. This understanding was greatly dependent
on the development of the hot~wire anemometer for quantitative turbulence
measurements., Comparative dreg measurements on low-drag airfoils in
various wind tunnels and in flight showed the sensitivity of their
characteristics to very low levels of turbulence and stimmlated further -
work, These investigations were comducted in collaboration with
Schubauer, Skremstad, Jacobs, Von Doenhoff, end other members of the
staff of the National Bureau of Standards and the National Advisory
Committee for Aeronsutics, Von Kérmin and Liepmann of the California
Institute of Technology, and G. I. Taylor and his colleagues at
Cambridge University.

It seems appropriate, because of the great importance of turbulence
effects in fluid mechanics, to outline the principles of design of
modern wind tunnels of low turbulence and to illustrate their application

to two specific wind tunnels, the 4%—-foot wind tummel of the Watlonal

Bureau of Standards and the Iangley two-dimensional low—turbulence
pressure tunnel of the NACA.

e —————— e ————— e . —— - e .
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SYMBOLS

crose—sectional area of wind stream or duct
cons'b-a.nt
diamster of a sphere

scale of turbulence

pressure coefficient <2—_——p—°>
1 p'[]2
2

Réynold.s number
"effective" Reynolds number

Reynolds mmber based on thickness of boundary layer

correlation coefficient <£-1‘2>
ujua
mean speed

mean turbulence intensity

contraction ratio of a wind tunnel <%:—
section drag coefficient
turbulence reduction factor

py
> pU~

pressure—drop coefficient for a screen <£‘-4-———‘1>
mmber of screens

static pressure

gtatic pressure of free stream

component of velocity fluctuations produced by

turbulence, parallel to mean flow, mea.sured with
respect to mean speed
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v

p

Subscripts:

mtually perpendicular components of velocity
fluctuations produced by turbulence, normel to
mean flow and measured with respect to mean speed

root-mean—squere values of u, v, and Ww

mean value of product of u and v

distance measured parallel to mean flow

distance measured normal to mean flow

frequency parameter <%?>

boundary—layer thickness
boundary—leyer displacement thickness
wave length

viscosity of alr

kinematic viscosity (u/p)

mass density of air

conditions at a particular time or place

values at neighbaring points

settling chamber of a wind tunnel

test section of a wind tunnel

values at points upstream and downstream of a screen,

respectively, in a duct of constant cross—
sectional area

MEASUREMENT dF TURBULENCE

The understanding of turbulent flow and the development of methods
for reducing the turbulence level are dependent on the existence of
methods for measuring turbulence. The hot-wire anemcometer has became the
standard instrument for this purpose (references 6 to 9). Techniques
have been developed for measuring the root-mean—square of the component u

e e e s —
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of the velocity fluctuations in the direction of flow u' and carre— s
sponding root—mean—square values v' and w' for the components v

eand w 1in two directions perpendicular to the flow and to each other.
Techniques have also been developed for measuring the mean value uv
which is proportional to the turbulent shearing stress, and for measuring

uju '
the correlation coefficients of the type —L2_  where u; and up, are
ultuet’
values of u at two neighboring points. From such measurements the
average dimensions and shape of the eddles present In the air flow may be

determined.

The turbulence in & wind—tunnel alr stream not too close to a source
of turbulence is a random motion with no periodic compoments present and
is often, though not always, isotropic. In isotropic turbulence,
ut = v! =w! and TV =-0. The magnitude of the fluctuations may then be
specified by wu'. The quantity u'/U, where U 1is the mean speed, is
termed. the intensity of the turbulence.

The scale of isotropic turbulence, which in effect specifies the
average size of the eddies, is defined in terms of the correlation coef—

u

ficient Ry = 3 ]"uet at two neighboring points separated by a distance ¥y
14

normel to the stream, The scale I 1is defined as

v [ e

A more complete discussion of the intensity and scale of isotropic
turbulence is given in reference 10.

The hot—wire anemometer is being continuously improved in ruggedness,
convenience, and accuracy but it remains an instrument of considerable
complexity and cost. The services of expert technicians are required for
its successful maintenance and use. Consequently, there remains consider—
able interest in other methods for the qualitative determination of the
general turbulence level of an air stream using only the measuring
equipment normally aveilsble in any wind tunnel. Such methods must
depend on the effect of turbulence in some aerodynamic measurement which
can be calibrated in terms of u'/U and I. '

Measurements of the drag coefficient of a sphere as proposed by
Prandtl (reference 11) have been used with considerable success to
indicate the turbulence level of the older wind tumnels (references 2 s
L, and 10). The critical Reynolds numbder at which the drag coefficient
of a sphere of diameter D decreased rapidly was found to be a function
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. o (utYD 1/5
of T AT , decreasing with Increasing velues of the turbulence

parameter, The critical Reynolds number was stated either asg that for
which the drag coefficient of the sphere was 0.3 (reference 2) or that
for which the pressure coefficient from an orifice in the rear portion
of the sphsre was 1.22 (references 4 and 10), The value of the critical
Reynolds number for turbulence-free alr is of the arder of 385,000
(reference 4).

Although such sphere tests provide reliable indications of the
goeneral turbulence level in low—speed wind tunnels with high levels of
turbulence (>0.5 percent), they are not suitable for tests in high-speed
wind tunnels or in wind tummels of very low turbulence. Thus, as a
result of sphere tests in the ILangley 8-foot high—speed tunnel, Robinson
(reference 12) shows that spheres could not be used to determins the
turbulence level at speeds above about 270 miles per hour because
compressibility effects completely masked the effects of Reynolds number
end turbulence. The sphere is also lnsensitive to the effects of low
levels of turbulence., Thus, Robinson measured critical Reynolds numbers
at low speeds in the 8-foot tunnel that were essentially the same as
thogse for free air, Subsequent measurements of.the turbulence in this
wind tunnel with a hot—wire anemometer showed the intensity of the
longitudinal fluctuations to be about 0.15 percent and the horizontal
normal component about 0.5 percent of the speed corresponding to the
sphere measurement. This turbulence level is now known to be sufficilently
high to affect conslderably the Reynolds number of transition of a laminar
boundary layer in a region of zero or small falling pressure gradient.

The drag characteristics of smooth and fair NACA low—drag airfoils
were known to be sensitlve to burbulence. Jacobs proposed that-this
characteristic might be used to indicate the relative turbulence level of
wind tunnels for which the turbulence could not be evaluated by sphere
tests. TEven smell Ilncreases of the turbulence level reduced the Reynolds
munber at which the transition point moved upstream from the location of
minimm pressure with a corresponding increase of drag.

A special symmetricel alrfoll was designed for this purpose. The
section (fig. 1 and table I) was 15 percent thick and had = very low,
slightly favorable pressure gradlient selected to Increase the sensitivity
of the laminar boundary layer to low turbulence levels as compared with
the sensitivity of the usual NACA low—drag alrfoils. A steel model of
this section was constructed with a span of 91% inches and a chord of
60 inches. The model was constructed in three sections to permit tests
to be made In elthar the narrow test sections of the ILangley two-dimensional
tunnels or in the large conventlonal wind tunnels. The central portion of

the model was bullt of a é%-—inchrthick stalnless—steel skin on cold—

rolled—steel ribs. Comparaﬁive tests of other models of the same section
ghowed that no surface irregularities were present that would affect
transition in the Iangley two-dimensional low—turbulence pressure tunnel.
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Drag tests of the model at zero angle of attack using the wake—survey °
method were made in several NACA wind tunnels. '

Resulta of drag tests of the model in four low—speed NACA wind
tunnels are shown in figure 2., The turbulence level of the Langley two—
_dimensional low—turbulence pressure turmel (TDT) is a few hundredths of

1 percent (reference 13) according to hot—wire measuremsnts., Similer
measurements in the Iangley 19—foot pressure tummel showed the turbulence
level of this tunnel to be about 0.3 percent based on the longitudinal
comporent, The NACA 7— by 10-foot wind tumnels are indicated to have an
intermediate turbulence level, while the Ames 12-Ffoot low—turbulence
pressure wind tumnel appears to have the lowest,

A comparison of the drag measurements for the model in the
Langley 8-foot and Ames 16—foot high-speed tunnels is given in figure 3,
together with the data from the low—turbulence tumnel for comparison.
The drag data from the high-speed tumels differ from those obtained in
the low—speed tunnels in that, following the original drag rise, the
drag curve levels out and even decreases with Increased Reynolds numbers.
This result is thought to be associated with campressibility effects,
and the data should not be interpreted to indicate a very low turbulence
"level at high speed. Even though the data were obtained at speeds below
the critical, compressibility effects may be expected to increase the
favorable pressure gradlents along the airfoll surfaces and thus to
increase the stabllity of the laminar layer at the high speeds. The
stagnation pressures of both the high-speed tumnels are substantially
atmospheric and, consequently, equal Reynolds mumbers indicate approxi—
mately equel Mach mumbers. It may, therefore, be concluded that the
Ames 16-Ffoot tumnel has a lower level of turbulence than the Langley 8—foot
‘tunnel. ‘

Tt may be concluded that drag measurements on a smooth, fair model
of a sensitive low—drag airfoll are useful for the qualitative determi—
nation of the relative levels of turbulence of wind tunnels having
turbulence levels of the order of a few hundredths to a few tenths of
1 percent, provided the measurements are made at low Mach numbers.
Considerable research will be necessary to develop similar methods
suitable for high Mach mmbers.

ORTIGIN AND DECAY OF TURBULENCE

Recent progress in the reduction of turbulence in wind tunnels is
dependent on the knowledge which has been gained of the origin and decay
of turbulent motion. The presence of turbulence in a flow may be traced
to the existence of a discontimuity in temperature, density, or velocity
in the flow. Such a surface of discontimmity may arise in the flow
around or near a solid body as a result of flow separation, as a result
of an incaming Jet of alr, or in various other ways. As a consequence
of a dynamic Iinstability, such a surface of discontimuity rolls up into
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discrete vortices; because of the viscosity the localized vorticity then

diffuses to form the fully developed turbulent motion., Even in the case

of frictional flow along a surface, an instability develops which f:Lna:Lly
leads to turbulent motion.

Mich of the information about the origin and decay of turbulence has
been derived from experiments on circular cylinders or on screens made up
of woven wire, No turbulence will be gemerated 1f the Reynolds mumber is
sufficiently low. Dr. Schubauer in his report on damping screens
(reference 14) shows that no turbulence 1s shed by a screen if the Reynolds
number is less than about 30 to 60, the value depending on the mesh and
wire diameter of the screen. Thus, for any reasomable speed and size of
obJect, any obstruction in a wind—tumnel alr stream will generate )
turbulence.

At some distance from the source the turbulence will tend to become
isotropic. The laws of decay of 1sotropic turbulence have been investi-—
gated both experimentally and theoretically but are not yet finally
established., Taylor (reference 15) gave the relation

L1 - ax : '
u' o' C—/:UL' | )

vhere uqg' is the intensity of the turbulence at the point from which x
is measured, u' is the intensity of the turbulence at the point x,

U 1is the mean speed at =x, and L 1is the scale of the turbulence at the
point x. The value of the constant C has been found to be about 0.22
for wire screens with wire diameter equal to about one—fifth the mesh
distance (reference 10). There 1s reason to believe that the value of
the constant does not vary greatly with the shape of the turbulence—
producing obstacle.

When the turbulence is produced by screens, the value of 1L
increases with increasing x. Little information is available as to the
variation of I with the shape of the turbulence—producing obstacle or
a8 to changes in I- during flow through a passage of changing cross
section, as in the entrance section of a wind tumnel. However, the scale
of the turbulence at a distance of about 200 dismeters behind a wire is
of the order of the dlameter of the wire.

Very mnear the source of turbulence, that is, at values of x less
then about 100 times the wire diameter, the turbulence is not isotropic
and there 1s appreciable variation of mean speed in the wake of the
obstacle., The test section of a wind tumnel should in no case be =0
close to a turbulence—producing obstacle.

e e —m—— - - - e s e e g e -
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Many experiments have been made of the veriation of u' eand L
behind screens in a stream of uniform speed and cross section. In the
present state of kmowledge the following relations are suggested for

design purposes

-uo‘ 2 _ uo' X — X
(-—-u, ) =1+ 0,58 - —--——-IO N (2)
L\ _ uo' X — %o

where u* and L are ths intensity and scale at x, and up' and Ip
are the Intensity gnd scale at xp. These relations are believed to be

conservative, Theoretical considerations suggest that in many cases as
the intensity decreases to low values the rate of decrease is greater
“than indicated by the formmlas (references 16 and 17). Even though these
equations may not be rigorously accurate over a wide rangeo, they are a
sufficient guide to methods of reducing the turbulence in wind tunnels.

SOORCES OF WIND-TUNNEL TURBULENCE

In a satisfactory wind tunnel, the speed and direction of the flow
at any polnt are free of long—period fluctuations, and the short—periocd
fluctuations, collectively classed as turbulence, are statistically
constant, In other words, the flow must be free of large eddies or
speed changes assoclated with such effects as unsteady seperations of
the boundary lsyer on the tunnel wall. The flow in the diffuser and
return passages should be checked and all permanent or unsteady flow
separation eliminated. Sometimes this can be dome by airfoil deflectors
to deflect high—speed air into a seperating region, by screens to promote
filling of the diffuser, or by boundary—layer suction. At any rate,
large—scale slow fluctuations must be eliminated.

The turbulence in the test section of a wind tunnel may not be
jdentified with that normally present in pipe flow at Reynolds numbers
above the critical value. The contraction and acceleration of the air
gtream entering the test section produce a stream with a core of nearly
uniform speed with a thin boundary layer at the walls., The growth of
the boundary layer through the short test section is small compared with
the dimensions of the air stream, and fully developed turbulent pipe
flow does not result. -
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While the turbulent boundery layer flowing against the increasing
pressure in the diffuser and return passage thickens rapidly, this source
of turbulence appears to be mich less lmportant than the wakes of obJects
in the stream in various parts of the circuit. Such obJects are the
propeller with its associated mountings, spimmer, and antiswirl vanes and
the essential gulde vanes at the coarmers of the circuit, Honeycombs are
seldom used in large modern wind tummels, Guilde vanes, like honeycombs,
are fairly effective in reducing large—scale turbulence originating
upstream. Consequently, the set of gulde vanes immediately upstream from
the test section is usually the most important source of turbulence.

Recent experiments and theoretical analyses (references 18 to 20)
have shown that the noise of the propeller and other sound sources may
place & lower limit on the turbulence level since sound waves cause air
motions which produce an effect similar to that of turbulence.

METHODS OF REDUCING TURBULENCE

The form of equations (1), (2), and (3) suggests certain methods of
reducing turbulence — namely, (a) reducing up', the initial intensity
of the turbulence; (b) making the distance =x from the source of the
turbulence to the test section as great as possible; (c) making the
scale of the turbulence as small as possible; and (d) keeping the mean
speed U small for the greatest possible part of the distance =x.
These considerations lead to the deslgn of a wind tunnel with a large
contraction ratio; individually small, closely spaced, and well-designed
guide vanes at the cormer directly upstream from the test section; and
a long settling chamber between this corner and the start of the
contraction of the entrance cone. With such measures it has been possible
to obtaln turbulence levels of 0.25 percent with a contraction ratio of 7.
These design features are also favorable for the introduction of damping
screens which have permitted a further reduction of turbulence by a
factor of 6 or more. *

The aerodynamic characteristics of dampling screens are pressnted
by Dr. Schubauer in considerable detail (reference 1L4). It is sufficient
for the present purpose to note that damping screens reduce the intensity
of the oncoming turbulence and, unless their Reynolds mumber is very low,
gensrally introduce & small-—scale turbulence,

As shown by Schubauer, the effectiveness of one screen in damping
the oncoming turbulence is well approximated by the formmls

£=—t ()

et o it A e o A - e ety e . e
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or, in the case of n screens (reference 19)

G — (5)
(1 + x)2/2

where f 1is the reduction factor and k 1is the pressure—drop coefficient
for the screen. It is obviously more efficlent to obtaln a desired
reduction factor by the use of several screens with small pressure—loss
coefficients rather than by the use of a single dense screen.

If the damping screens are operated above their critical Reynolds
number, turbulence is caused by the screens themselves with the result
that the intensity immediately dovnstream from a screen may be consider—
ably higher than that upstream. The utility of the screens in reducing
turbulence results from the rapid decay of the fine—grain turbulence
resulting from the screen. These effects are shown in detall in the
paper by Schubauer.

Tn the course of work associated with the design of screens for
the NACA low—turbulence wind tumnels in 1939, it was noted from tests of
gcreens in a smoke tummel that no turbulence was produced 1f the screens
were operated at sufficliently low Reynolds nunmbers (reference 13). This
effect has been studled by Schubsuer who founl that every screen has a
well—-defined Reynolds mumber, which depends on solidity, below which
eddies are not shed. Although the screens of the WACA low—turbulence
wind tunnels are designed to operate below the critical Reymnolds number,
the practical necesslity for so doing has not been proved. It appears
that the decay of the fine—grain turbulence fram a screen of small mesh
size permits a very low turbulence level to be obtained at ordinary
distances from the screen.

An important consideration in the applicatien of damping screens 1is
the abnormal behavior of certain screens reported by Schubauer, Although
not understood, the- production of abnormally high, slowly decaying
longitudinal fluctuations by certain screens is thought to be associated
with imperfections of these screens. It appears important, especlally in
the case of large screens, to select a mesh and wire size capable of being
woven with accuracy and to handle the screen in such a manner as to avold -
distortion of the mesh in installation.

BEFFECTS OF CONTRACTION

A large contraction or area ratio between the settling chanmber and

test section hes several advantages. A large contraction ratio results
in a low airspeed in the settling chamber, thus permitting the instal-—
lation of a mumber of damping screens without excessive penalty for
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the power absorption and also permitting greater decay of turbulence in a
given length of settling chamber., Furthermore, unless the contractlion
has the effect of greatly increasing the turbulent emergy of the stream,
the ratio of the turbulent intensity to Tthe mean speed will decrease
through the entrance cone as the mean speed increases.

The effects of contraction have been studied theoretically by Prandtl
(reference 21) and Taylor (reference 22). These studies were limited by
consideration of only regular types of disturbance and neglect of decay.
Taylor's results depend on the type of disturbance assumed and indicate
that contraction may result in elther an increase or a decrease of the
turbulent energy. Prandtl predicts a decrease of u! in the ratio 1/c

and an increase of v' and W' in the ratio Vc, where c is the
contraction ratlo., If a turbulent intensity U' is defined as

U = \[%‘-(u'g + 712 4 w'2>

then, according to Prandtl, U' would vary as

6+ )

This formula woinld predict en Increase of U' of approximately 2 for a
contraction ratio of 6 anl of 3.5 for a ratio of 18 and result in a net
reduction of the ratio U!'/U of 0.33 and 0.19, respectively.

Such calculations should be used cautiously because of limitations
of the theory. Experimental observations show that contraction, by
exerting a selective effect on the components of velocity fluctuations,
decreases u' and increases v' and w'. It is not known that decay
in the contracting region can be predicted quantitatively by linear
conslderations of the velocity and distance traveled or that the results
can then be superposed on the estimated effect of contraction., Measure—

ments at the National Bureau of Standards in the h%—-foot tunnel, behind

the screens in the settling chamber and in the test chamber, indicate
(reference 19) for this particulaer case that the effects of contraction
and decay on the turbulent energy substantially cancel each other. This
result should not be generalized, howsver, without further study.

e e e s A o oy o
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APPLICATION OF PRINCIPLES TO SPECIFIC WIND-TUNNEL DESIGNS

The %—Foot Tunnel of the National Bureau of Standards

The application of the methods of reducing wind—tunnel turbulence
is illustrated by the modernization of the %—foot wind tunnel of the

National Bureau of Standards., Figure L is a photograph of the wind
tumel and figure 5 is a longitudingl section through the center line,
The design of the tunnel was begun In November 1937, and construction
was completed in September 1938.

The over—eall length of the tumnel 1s 80 feet and the height is
25 feet, these dimensions being fixed by the requirement that the tunnel
be housed in the existing building. The structure above the ground line,
except for the entrance section, consists of tongued and grooved pine
boards fastened to angle—iron framing. The entrance section is made of
galvanized iron fastened to Joined wooden stringers. The structure
below ground level is of reinforced concrete.

The test section is 19 feet long. Its cross section is a regular

octagon, h% feet between opposite faces. The expanding exit cone

provides a trangition from the octaegonal cross section at the test
section to the 7—foot circular cross section at the fan., The eight—
blade fan is driven by a T5-horsepower, direct—current motor. The
return duct is rectangular in cross section throughout its length. The
gtraight section or settling chamber upstream of the entrance section
is octagonal in cross section, 12 feet across the flats, and 7 feet
long. The contraction ratio 1s 7.1:1.

Commercial guide vanes are used at the four corners as indicated in
figures 4 and 5. The guide vanes in the first turn upstream from the

test chamber are of 2%-—inch chord and are spaced l% inches on centers.

The guide venes in the other turns are of 6%-inch chord and are

spaced 3% inches on centers. Damping screens are installed in the
settling chamber,

The burbulence levels 1n the test sectlon of the tunnel with
various single screens and combinations of two, three, and six screens
inetalled in the settling chamber are summarized in table II. The
turbulence level expressed as the ratilo U’/Uf is seen to vary from
0.265 percent with no damping screens to 0.043 percent with six screens.
The predicted values of the turbulence level with screens based on a
damping factor of
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are also given in table II. It will be seen that the agreement of
predicted and measured turbulence levels is excellent, congidering the
limitations of the theory, except at the lower levels where the measured
values are higher. This discrepancy is thought to be assoclated with
noise as previously mentionsd.

Tt is apparent that the use of damping screens is the most important
feature in obtaining a very low level of the turbulence. It should be
noted, however, that the turbulence level without damping screens 1s
relatively low, especlally for a.wind tumnel of this size. This
relatively low initial turbulence level undoubtedly simplifies the screen
installation required and is obtalned by the use of small, closely spaced
guide vanes and a long settling chamber.

Iangley Two-Dimensional Low—Turbulence Pressure Tunnel

The Langley two—dimensional low—turbulence pressure turmel (refer—
ence 13) was designed especlally for research on wing sectlons. A low—
turbulence air stream was desired in which systematic investigations of
large numbers of airfoils could be made.at flight values of the Reynolds
numbers. It was also conslidered desirable to test the wing sections in
two—dimensional flow to obviate the difficulties that had been encoun—
tered in the NACA varliable—density tunnel in obtaining section data from
tests of finite—span wings and in correcting adequately for support
interference.

Preliminary design of such a wind tunnel was started in 1937, and
a full-scale model of the tunnel was completed in 1938. This model,
vhich differs in detail from the final design, was constructed cheaply
to operate at atmosvheric pressure and is known as the Langley two—
dimsnsional low—turbulence tunnel. The final tummnel (figs. 6 and T)
was placed in operation early in 1941, Tt is of welded steel construc—
tion to permit operation at pressures up to 10 atmospheres. The test

section is 3 feet wide, 7% feet high, and 7% feet long.\ The contraction

ratio is 17.6:1. The tumnel is powered by a 2000-horsepower motar
driving a 20-blade fan 13 feet in diameter.

Structural requirements of the pressure shell imposed compromises
on the design of the tunnel. The principles of use of damping screens
were-inadequately understood at the time construction of the tunnel was
ptarted., The results of research at the National Bureau of Standards
and of experience with the model of the tumnel required complete
revision of the planned screen installation. The screen installation
was consequently made in an alr passage and structure not designed for
its accommodation, The final arrangement is not considered to be
opbimim, .

An umusual feature of the tunnel 1is the torus—like bends with six
corners at the large end and eight corners at the small end to accomplish
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each 180° turn. Eight sets of guide vanes are provided at the small end
and three "splitter" venes at the large end. _These features of the tunnel
were dictated by cost and strength requirements and are not believed to

be aerodynamically desirable.

Cooling coils supported on a coarse honeycomb are mounted in the
large end of the tunnel upstream of the entrance section. A screen with
60 meshes to the inch is fastened to the downstream face of the honey—
comb, A series of 11 damping screens is mounted between ths dense screen
end tue entrance section., TXach screen has 30 meshes per inch with
0.0065—inch—diameter wire. The screens are installed 3 inches apart.
Each demping screen has a pressure coefficient of approximately 1. 0. The
last demping screen is located at the beginning of the contracting
section.

It will be noted that, in contrast with the NBS hém-foot tunnel,

reliance 1s placed on the cooling-coll damping-screen Installation to
reduce the high turbulence resulting from the aerodynamically unfavorable
turns of the air passags.

Great care was taken with the screen installation (reference 13)
because it was not known exactly what Imperfections could be tolerated
and because of the difficulty of inspection, repair, or replacement
once the installation was made. The phosphor-bronze screen was
specially woven in T—foot—wide strips with special selvages. The strips
were fastened together by sewing with 0.0065—inch-diameter wire with a
stitch that preserved equal density of the screen across the seam. The
resulting screens were installed so that any wakes from the seams would
. pass above and below the model. Each screen was tensioned along its
periphery to a stress corresponding to ebout one—half the yield value to
reduce sagging under load. Care was taken to make and install the
screens without touching them by hand in order to avold possible future
corrosion that would eventually cause locel changes in the pressure—drop
coefficient. It 1s not known to what extent these precautions are
required, but it is now thought that considerable relexation of these
specifications would result in a satisfactory installation,

Only limited measurements of the tunnel turbulence have been made
with a hot-wire anemcmeter. . The results of some of the measurements are
presented in figure 8 for a pressure of L atmospheres. (See reference 13.)
The turbulence levels presented are values of u'/U. It will be seen
that, at this tunnel pressure, the turbulence level increases from
about 0.02 percent at low speed to a value of about 0,05 percent at a

speed corresponding to a Reynolds mumber of about k.5 x 106 per foot of
model chord. At higher speeds, the turbulence rises more rapidly.

Spot checks of the turbulence level at other pressures indicate that
increasing pressure 1is favoreble for obtaining a low level of turbulence
at a given value of the model Reynolds number. No wakes from the seams
in the screens have been detected.
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Tt is interesting to note that the more rapid rise of the turbulence
ghown in figure 8 occurs at roughly the Reynolds number where the damping
gcreens begin to produce turbulence themselves. It is not thought, how—
ever, that this result is significant even with the comparatively small
distance for decay provided in this installation. The existence of lower
turbulence levels at the same Reynolds number at higher tunnel pressures
also tends to discount such an explanation for the increase of turbulence
with speed. Qualitatively, 1t has been noted that there is a tendency
for the intensity of the turbulence to correlate with the power Input to
the tunnel and with the noise level, It 1s thought that vibration and
noise are factars limiting the turbulence of this tunnel.

Many features of the two—dlimensional low—turbulence pressure tunnel
were not used in the design of the Ames 12-foot pressure tunnel, although
compromises with the requirements of the pressure shell were still
necessary. In particular, six sets of guide vanes were used instead of
splitter vanes in the 1800 turn upstream of the entrance section., The
cooling coll was eliminated and a settling chamber was provided in which
a simplified screen installetion was mounted. As indicated by figure 2,
this newer tunnel is belleved to have & lower turbulence level than the
two—-dimensional wind tunnel.

CONTRIBUTION OF LOW—TURBULENCE WIND TUNNELS TO ARRONAUTICAL SCIENCE

The two low—-turbulence wind tunnels which have been described have
been essential tools in two major contributions to aeronautical science:
The experimental confirmation of the Tollmien—Schlichting theory of the
gtabllity of laminer flow end the develomment of low-drag alrfoils.

Stability of Laminar Boundery leyer

The effects of turbulence on aerodynamic -meesurements have long been-
known to be intimately comnected with transition from laminar to turbu—
lent flow in the boundary layer. Untll recently the mechanism of
transition was a subject of congiderable discussion and controversy. A
theoretical treatment of the related problem of the stablility of laminar
flow in a boundary layer had been gliven by Tollmien and Schlichting
(references 23 and 24). Their computations indicated instability of the
two—dimensional laminar layer with Blasius veloclty distribution to small
ginmugoidal disturbances if the Reynolds number exceeded a value which was
a function of the wave length of the disturbance. Tollmien (refer—
ence 25) extended this work to investigate the effects of pressure .
gradients, showing especially that the distortion of the Blasius profile
agssociated with rising pressures 1n the direction of the flow was
unfavorable to laminar stabillity,

e~ e e e e e e e st o Ao e et ———
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The Tollmien—Schlichting theory was not accepted immediately as a
satisfactory explanstion of the mechanics of transition. For the mathe—
matical reason of obtaining a linear .differential equation, & very small
disturbance was assumed although 1t was known that the usual disturbances
were not small, The theoary did not predict transition 1n the sense of
the change from laminar to eddying flow but rather predicted the conditions
for deamping or amplificatlon of the very small disturbances. The theory
showed that laminar stability was a critical functlon of the wave length
or frequency of the disturbances, whereas all experimental results
appeared to indicate that the point of transition was 1little affected by
the frequency if the amplitude was fixed.

Experimental work at the Natianal Bureau of Standards (reference 26)
established the existence of camparatively large fluctuations of speed in
the laminer boundary layer over a flat plate well upstream of the point
of transition. These measurements were made by means of hot—wire appa—
ratus with different pressure gradients along the plate and with different
levels of turbulence of the alr stream., It was shown that the fluctu—
ations did not cause the average veloclty dlstribution to depart from the
Blasius velocity profile and, comsequently, that turbulent shearing
stresses were not assoclated with these fluctuations. Trangition caused
a departure from the Blasius distribution to the characteristic turbulent
velocity profile, but the laminar and turbulent boundary layers could not
be distinguished on the basis of the magnitude of the speed fluctuetions
alone, It was not apparent from these data, however, whether the observed
fluctuations were "free" oscillatioms of the Tollmien—Schlichting type or
whether they were "farced" oscillations produced by the turbulence of the
air stream.

Later, during the investigations of low-drag alrfoils at the NACA in
alr streams of very low turbulence, it was observed that small three—
dimensional protuberances on the airfoll surfaces elther caused transition
to occur almost immediately at the protuberance or did not affect tran—
sition at all., Small two-dimensional protuberances or waves, however,
often caused tramnsitlon to occur sooner than on the smooth surface, but
still a long distance downstream from the protuberance. The velocity
distribution, as measured by pressure probes, in the laminar layer between
the protuberance and the point of transltion was not affected by these
small protuberances. It was apparent that sams transition~producing
mechaniem existed that was not associlated with the shape of the average
velocity distribution. The Tollmien—Schlichtling concept of amplified
disturbances provided a qualitative explanation of such phencmena.

Schubauer and Skramstad (reference 18) extended the wark at the
National Bureau of Standards to the lowest attainable level of the free—
stream turbulence. By an ingenious method of Introducing dlsturbances
of known frequency by a small vibrating ribbon, they confirmed the
Tollmien—Schlichting theory both with respect to the concept of amplifi-
cation of small disturbances and quantitatively as regards the calculation
of the stability boundaries, The experimental results are shown in
figure 9, together with the stability boundaries as calculated by Lin
(reference 27).
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The mechanism of the ingtability of the laminar boundary layer 1s
now well understood, Whatever small disturbances are initially present
are selectively amplified until large sinmusoldal oscillations occur,
These regular waves grow in amplitude, become distorted, and burst .lnto
high—frequency -fluctuaetions, The nonlinear problems of the amplification
of the large oscillations and of the mechaniasm of conversion to turbulent
flow remsin problems far future research.

It should be noted that the thesory of Tollmien and Schlichting has
been extended to campressible flows over flat plates by ILees and Lin
(references 28 and 29) and that Iiepmann (reference 30) investigated the
effects of convex and concave surfaces, Liepmann showed that the effects
of convexity were small but that the mechanism of trangition on concave
surfaces was different, being three—dlimensional in nature.

It is significant that the work of Schubauer and Skramsted required
the use of an alr stream of very low turbulence (about 0,02 percent).
The earlier work in an alr stream with a turbulence level of about 0.5
to 1.0 percent had been confused by transition assoclated with momentary
geparation resulting from finite disturbances in the free stream as
proposed by G. I. Taylor in reference 31. The fundamental difference
in the mechanism of trangition in a turbulent alr stream and in a stream
of very low or zero turbulence mekes it imperative that asrodynamic
measurements be made in a low—turbulence alr stream 1f they are to be
accurately applicable to free flight.

Low-Drag Airfolls

‘The Lengley two—dimensional low—turbulence pressure tunnel has
permitted the systematic Investigations required for the development of
ugeful low—-drag airfoils, It had become apparent in 1937 that any further
pronounced. reduction of the proflile drag of wings mst be obtained by a
reduction of the skin friction through Increasing the relative extent of
the laminar boundary layer. The attalmment of extensive laminar boundary
layers at large Reynolds numbers was an unsolved experimental problem.
Although the mechaniesm of transition was not understood, it was known
that low turbulence and the avoldance of increasing pressures 1n the
direction of flow were requiremsnts for extensive laminar flow,

The requirement of low turbulence could best be met by flight tests,
and mumerous lnvestigations have been made in flight following the ploneer
work of Jones (reference 32) who demonstrated the possibility of obtaining
extensive laminar layers at falrly high Reynolds numbers, Flight investi-
gations do not, however, provide a practical method for the systematic
tests required to obtaln a useful famlly of alrfoils. Only in a wind
tunnel 1s 1t practical to make the extensive airfoil investigatlons
required by our inadequate understanding of the turbulent boundary layer
and our consequent inability to predict alrfoil characteristics except
to & 1imited extent at low 1ift coefficlents.
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The completion of the model two—dimensional tunnel in 1938 provided
a Tacllity for exploratory investigatione even though the initial turbu—
lence level was not satisfactory. The first test in this tunnel in
June 1938 of an airfoil designed to permit laminar flow indicated a
minimm drag coefficient of 0.0033, or about one-half of the lowest drag
coeffliclent ever before measured for an airfoil of comparable thickness,
Figure 10 shows comparative drag data for an early low-drag airfoll as
obtained in the low-turbulence tunnel (LTT) and in the variable—density
tummel (VDT). (See reference 5.) The minimum drag coefficient measured
in the low—turbulence tunnel is less than one—half that from the highly
turbulent variable—density tunnel, The small range of 1ift coefficient
over which low drag is obtalned results partly from the now obsolete
shape of the alrfoil and partly from the unsatlisfactory turbulence level
of the tunnel as initially constructed (about 0.1 percent). The turbu—
lence level of the model tunnel was later lowered -(u'/U about 0,02 per—
cent) by a screen installation generally similar to that previously
described for the pressure tunnel (reference 13).

Exploratory lnvestigations were contimued in the modified model
tummel until the pressure tunnel was- campleted in 1941, These investi—
gations were invaluable in showing the limits within which compromises
had to be made between low drag and desirable 1ift and moment charac—
teristice. Satisfactory theoretical methods were also found during this
period for designing the airfoils to produce the desired types of
mregsure distribution. Systematic investigations in the pressure tunnel
then led to the evolution of the NACA 6-series airfoils, data for which
are summarized in reference 33, This family of airfoils combines
desirable 1ift characteristics with the possibility of low drag if the
wing surfaces are smooth and falr. If the surfaces are not smooth and
fair, the characteristices of this family are no worse than those of the
older sections under the same conditions,

The requirement for falr and smooth surfaces was early found to
present the greatest obstacle to the practical attalmment of extensive
laminar flow. The roughness and unfairmess agsoclated with usudl methods
of comstructlon always resulted in premature transition at flight wvalues
of the Reynolds number. Difficulty was experienced in flight in
obtalining low drag even with speclially constructed and faired surfaces
because of small waves and specks of dust or insects. Moreover, the
turbulent boundary layer spreads downstream fram each speck so that even
a comparatively few imperfections result in predominantly turbulent flow.
It is uncertain whether extensive laminar flow can be realized under
conditions of field maintenance, although some modern high-speed airplanes,.
if carefully maintalned, have sufficlently smooth and fair wings to permit
low drag.

The problem of stabllizing the laminar boundary layer to disturbances
agsociated with surface imperfections has attracted mmch attention.
Investigations of the effectiveness of suction slots in stebilizing the'’
laminar boundary layer were made in the model tummel and in flight
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from 1938 to 1940, Although some extensions of the laminsr layer were
obtalned by this method, no apparent increase of stability was obtained
for disturbances arising from surface imperfections, Such investigations
bave now been resumed to include the study of effects of suction through
porous surfaces. Although no results of practical significance have
been obtained, 1t appears that suction through porous surfaces does have
a shabllizing effect, The theoretical work of Lees (reference 29)
indicates that heat transfer to the surface may stablilize the laminar
layer at high supersonic speeds.

Comparigons of results obtained from tests of low—drag airfoils in
the wind tunnel end in flight are difficult because uncertainties with
regard to the surface cordiitions appear to have greater effects than the
residual wind—tunnel turbulence. The highest value of the boundary—
layer Reynolds number R msasured In fllight jJjust before transition
is ebout 9000 (reference 34) where

In this equation, U 1is the velocity Just outside the boundery layer

and & 1s the distance from the surface to the point where the dynamic
pressure 1n the boundary layer is one—half that outgide the layer. This
value of the boundary—layer Reynolds number corresponds approximately to
a value of 20,000 for a Blaslus profile, with 8 defined as the thickness
corresponding to a local speed 0.995 that of the free—gtream velocity.
The drags of smooth and falr models measured in the two—dimensional low—
turbulence pressure tunnel may be predlicted by assuming a Reynolds
number at transitlon equal to that measured in flight (fig. 11). It
thus appears that the wind—tunnel results are comparable with those that
would be obtained in flight with urusual care devoted to obtaining
smooth feir surfaces,

Low—turbulence wind tunnels have been essential to the research
on low-drag airfoils. The extenslve Investigatlions necessary to determine
the proper compromises between the conflicting requirements of airfoill
design would not have been possible without these wind tunnels,

NACA Headquarters
Washington, D. C., October 13, 1948
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TABLE T

CRDINATES QF

NACA 66,1-015 ATRFOIL SECTION

[Stations and ordinates glven in
percent of airfoll chord]

25

Station Ordinate
. 0 0
53 1.191
.15 1.433

1.25 1.798
2.5 2,440
5 e o 3 L] 3"")"'
7.5 4,028
10 L .585
15 5.468
20 6.137
25 6.647
30 7.019
35 7.289
Lo T7.448
45 T.500
50 7.436
55 T.237
60 6.898
65 6.362 ‘
™ 4,645
80 3.631
85 2,568
90 1.504

- 95 .582
100 0

L.E. redius: 1.61




COMPARISON (F OBSERVED AND PREDICTED REDUCTION OF TURBULENCE BY USE CF DAMPING SCREENS

TABIE II

TN NATIONAT BUREAU OF STANDARDS l%-roowwm TUNNEL

[Ut = 109 f‘b/aeo]

ut /oy,

(percent)

V'/U-b

(percent)

w! fU,

(percent)

Screen
None
18-mesh, 0.011-in, wire
20-mesh, 0.01l7=ln, wire
2h~mesh, 0,0075~1in, wire

60-megh, 0,007—in, wire

Two 18-mesh, 0,011-1in, wire

Three 18-mesh, 0,011—in, wire

8ix screens (three 20-mesh
0,017=1in. wire; three Eflu—
magh, 0.0075-in. wire)

.053
.038
LOu1
‘.037

.039

0,301

162

228
L4
166
1k

Ol

0.335
.239

190

ke T

24
133
155
.123

Ol

23ksq + 3k, Where koo and kpy are
2l—mesh screens, respectively.

b 1

(1 + kp0)3/2 (1 + 1p)3/2

the pressure—drop coefficlente for the 20-mesh and the

9¢
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Figure 2, - Comparative drag Measurements of NACA 66,1-015 airfoil in four
NACA low-speed wind tunnels,






NACA TN No. 1755 ‘ ) 29

Profile-drag coefficient
o o :
P =

DT
8-foot high-speed tunnel 4
P e NP
16-foot high-speed tunnel

) 1
5 10 15 20 25 30 35 40 x 108
Reynolds number, R

Figure 3.~ Comparative drag measurements of NACA 66,1-015 airfoil in three
NACA wind tunnels.
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Figure 5.- Longitudinal cross section of the 4—;—-foot wind tunnel of the National

Bureau of Standards,

Figure 6.- The Langley two-dimensional low-turbulence pressure tunnel.
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Figure 7.~ The Langley two-dimensional low-turbulence pressure tunnel.
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Figure 8.- Turbulence level u'/U of the Langley two-dimensional low~

turbulence pressure tunnel at a pressure of 4 atmospheres. (Data from
reference 13.) -
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Figure 9.- Curve of neutral stability for Blasius profile.
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Figure 10.- Profile-drag characteristics of NACA 27-215 airfoil section,
(Data from reference 5.) .
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Figure 11.- Measured and calculated drag coefficients for a low-drag airfoil
tested in the Langley two-dimensional low-turbulence pressure tunnel,




